The developing avian lung is formed mainly by branching morphogenesis, but there is also a unique cystic structure, the air sac, in the ventral region. It has been shown that mesenchymal tissue is responsible for the differential development of a cystic or branched structure, and that the transcription factor Hoxb may be involved in determining this regional difference. We have previously developed two scenarios for branch-cyst transition, both experimentally and theoretically: increased production or increased diffusion of FGF. The aim of the present study was to discover whether one of these scenarios actually operates in the ventral region of the chick lung. We found that the FGF10 level was lower while the diffusion of FGF10 was more rapid in the ventral lung, indicating that the second scenario is more plausible. There are two possibilities as to why the diffusion of FGF10 differs between the two regions: (1) diffusion is facilitated by the looser tissue organisation of the ventral lung mesenchyme; (2) stronger expression of heparan sulphate proteoglycan (HSPG) in the dorsal lung traps FGF and decreases the effective diffusion coefficient. Mathematical analysis showed that the dorsal-ventral difference in the amount of HSPG is not sufficient to generate the observed difference in pattern, indicating that both extracellular matrix and tissue architecture play a role in this system. These results suggest that the regional cystic-branched difference within the developing chick lung results from a difference in the rate of diffusion of morphogen between the ventral and dorsal regions due to differential levels of HSPG and a different mesenchymal structure.
Introduction
Branching morphogenesis of the embryonic lung has been studied extensively as a model to elucidate pattern formation during development (Chuang and McMahon, 2003; Hogan, 1999) . A developing lung consists of two tissues, the epithelium and the surrounding mesenchyme, and interaction of these two tissues results in epithelial branching to form the lung airway tree. Various factors are involved in this process, including diffusible signaling molecules, extracellular matrices, and cytoskeletal structures (reviewed by Cardoso and Lue (2006) ). The most important of these factors is FGF10, which is expressed in lung mesenchyme surrounding the budding lung epithelium and acts as a chemoattractant of 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.11.006 lung epithelium (Bellusci et al., 1997; Park et al., 1998) . Extracellular matrix molecules are known to modulate the final pattern (Ganser et al., 1991) , and cytoskeletal structures provide a driving force to generate the pattern (Moore et al., 2005) . However, how the distinction between buds and clefts is determined by the interaction of these factors is not understood. Nogawa and Ito (1995) have proposed a mesenchyme-free culture system for studying lung branching morphogenesis in vitro. They have reproduced epithelial branching morphogenesis without mesenchyme by embedding the isolated epithelium in Matrigel and supplying FGF1 in the culture medium. The mechanism of pattern formation in this in vitro system is quite well understood (Hartmann and Miura, 2006; Miura and Shiota, 2002) . These theoretical approaches are based on mathematical models considering two factors -epithelial cell density and FGF1. Epithelial uptake of diffusing FGF1 leads to growth and subsequent extension of the culture. If growth is limited by the availability of FGF, e.g. by slow diffusion or a low concentration of FGF1, growth of the cultured tissue leads to branched structures. In the regime of limited FGF1 availability, any initially slightly protruded area is in a favorable position as it has better ''access'' to FGF, resulting in faster growth. Thus, the region will protrude even further, which leads to a positive feedback loop. This implies an enhancement of any environmental perturbations of the system, leading to complex patterns. This mechanism is often called diffusion-limited growth. If growth is not limited by the availability of FGF, i.e. very high concentrations or a faster diffusion, the culture shows a cyst-like shape, which has been confirmed by simulations as well as experiments. However, it is questionable whether the model can be applied directly to the in vivo situation. FGF10, rather than FGF1, is utilized in vivo. Although the action range and function of FGF1 and FGF10 are very similar in vitro , FGF10 is actively generated in mesenchymal tissue and its production sites are localized to the mesenchyme surrounding the epithelial tip (Hogan, 1999) .
The mechanism of branching morphogenesis can be elucidated by comparing the conditions under which branched and cyst structures are formed (Fig. 1a-c) , and the avian lung is suitable for this purpose since it generates both structures at the same stage in vivo. In the chick lung, the branched structure is formed dorsally while the cyst structure (air sac) is formed ventrally during development. Sakiyama et al. (2000) carried out tissue recombination experiments, which showed that the cyst-branch difference in this system is caused by region-specific mesenchymal properties. They also observed that the Hoxb cluster of transcription factors shows nested expression patterns around the ventral-distal tip of the lung bud, suggesting that the molecule is an upstream regulator of this phenomenon. However, how these molecular differences lead to actual morphological differences remains to be elucidated.
In the present study, we examined whether differential FGF10 production or a region-specific diffusion coefficient is responsible for the cyst-branch difference. We show that the amount of FGF10 produced in the dorsal part of the chick lung is greater than that in the ventral part, which rules out the first possibility. We also showed that FGF10 diffuses faster in the ventral than in the dorsal part, and that heparan sulfate proteoglycan and cell density are both involved in regulating the rate of diffusion. These results show that a region-specific (dorsal-ventral) difference in the diffusion coefficient for morphogen is responsible for the developmental dichotomy that leads to branching morphogenesis dorsally and cyst formation ventrally.
Results

2.1.
Two explanations for the cyst-branch difference from theoretical modeling Sakiyama et al. (2000) showed that the cyst-branch difference in chick lung is caused by a difference in mesenchymal tissue properties. We have previously conducted several studies on the cyst-branch difference in lung branching morphogenesis in vitro (Miura and Shiota, 2002; Hartmann and Miura, 2006) . These studies provided two possibilities which we can reproduce experimentally and theoretically. One relates to the saturating concentration of FGF (Fig. 1f) ; when the concentration of FGF is very high, a small regional difference cannot be detected by the lung epithelium. Under such conditions, the lung epithelium grows at a constant speed everywhere. Hence, any initial small fluctuation is smoothed out, resulting in a cystic pattern (Hartmann and Miura, 2006) . We can experimentally generate this situation in vitro: when a very large amount of FGF is added to the culture medium, it results in a cystic pattern (Hartmann and Miura, 2006 ). Another possibility is a high FGF diffusion coefficient in the ventral part of the chick lung (Fig. 1g) -if the diffusion coefficient is too large, FGF cannot form the gradient necessary to generate a regional difference. We can also generate this situation in vitro: when type I collagenase is added to the culture medium, FGF diffuses more rapidly and induces a cystic pattern (Miura and Shiota, 2002) .
Expression patterns of FGF10 in chick lung
To experimentally verify which of the above two possibilities is more plausible, we first examined the distribution of FGF10 protein in chick lung by immunohistochemistry. FGF10 protein was expressed in the dorsal lung mesenchyme. It was expressed most strongly in the distal parts, and formed a gradient proximodistally (Fig. 2a-c) . FGF protein was also observed in the epithelial parts, which is consistent with previous data . Weak staining was observed in the mesenchymal tissue in the ventral lung. We observed a small group of strongly-stained cells in the most distal part of the ventral lung mesenchyme (Fig. 2c) . We measured the fluorescence intensity of FGF10 immunohisotochemistry and confirmed the existence of the gradient in the dorsal part statistically (Fig. 2d) .
Immunohistochemistry showed that the FGF10 protein level is lower in the ventral lung. To confirm this result, we undertook Western blot and RT-PCR analyses to compare the amount of FGF10 protein and mRNA. We observed that FGF10 protein and mRNA levels are lower in the ventral part of the lung (Fig. 2e and f) . This result rules out one of the two possibilities, that the saturating amount of FGF causes a cystic pattern instead of branching.
FGF10 diffuses faster in the ventral part of the lung
To test the other possibility, we examined the diffusion of FGF10 protein directly in chick explants. Day 9 chick lungs were dissected and cut in halves, and placed on nitrocellulose membranes. A piece of fluorescently-labeled FGF10-soaked gel was placed at the cut edge of the lung explant, and incubated for 1 h. Afterwards, the distribution of the fluorescently-labeled FGF10 was observed with a binocular microscope (Fig. 3a) . FGF10 was just washed away in the ventral part, while a sharp band of FGF10 was observed at the interface between the gel and explant in the dorsal part ( Fig. 3b and c) . The fluorescence intensity in the ventral part Romer and Parsons, 1986) . c, Cervical air sac; lg, left lung; mbr, bronchus; rbr, recurrent bronchus; icl, interclavicular air sac; ht, heart; ath, anterior thoracic sac; pth, posterior thoracic air sac; ab, abdominal air sac. was lower than that in the dorsal part near the source of the fluorescently-labelled FGF. However, it was higher than that in the dorsal part away from the source (Fig. 3d ). This result suggests that FGF10 diffuses faster in the ventral part of the chick lung.
2.4.
Histological structure may influence the diffusion constant in the chick lung One intuitive explanation for the different diffusion coefficient is tissue integrity. The dorsal and ventral mesenchymal tissues looked very different when the lungs were dissectedthe ventral mesenchyme was very loose and semitransparent (Fig. 4a) . The histological section of chick lung showed that cell density is very different between dorsal and ventral lung mesenchyme ( Fig. 4b-d ). There were more spaces for free FGF to diffuse in the ventral lung mesenchyme, which may contribute to the observed difference. To show this quantitatively, we calculated the volume fraction ( Fig. 4e) , which is defined as a ratio of extracellular volume in which FGF can diffuse per total volume. Statistically significant differences can be detected between volume fractions of dorsal and ventral mesenchyme. From theories of diffusion in porous media (Nicholson and Sykova, 1998), we cannot directly calculate the diffusion coefficient from the volume fraction (Appendix 2). However, we can say that diffusion is slower in the dorsal lung because a particle would need to travel a longer path to move a certain distance.
Fig. 2 -(a-c)
The distribution of FGF10 in chick lung. In the dorsal part of the lung, FGF10 is strongly expressed at the surface, especially near epithelial buds (b, arrows) and forms a gradient. In the ventral area, we observed strong FGF10 expression at the tip (arrow) but did not observe a gradient. (d) Fluorescence intensity of FGF10 immunohistochemistry at various distances from the surface of the lung were measured, and the differences were analyzed statistically. In general, dorsal regions have stronger staining, which is confirmed statistically. A significant difference was detected between 50 and 100 lm only in the dorsal area, indicating a more gradual decrease of the FGF10 concentration from the source in the dorsal region. * p < 0.01. (e) FGF10 protein expression. FGF10 protein is more abundant in the dorsal lung. (f) FGF10 mRNA expression. FGF10 production is enhanced in the dorsal lung.
2.5.
HSPG concentration is higher in the dorsal lung HSPG has been extensively studied in relation to the formation of a morphogen gradient (Haecker et al., 2005) . To examine the role of HSPG in this system, we observed the distribution of HSPG in chick lung. We used a set of anti-HSPG antibodies; 3G10 recognizing the protein core of HSPG, and 10E4 recognizing polysaccharide side chains of HSPG. 3G10 recognizes HSPG after digestion with heparitinase I, while 10E4 only recognizes untreated HSPG.
We prepared heparitinase-treated and control samples. The heparitinase-treated 3G10 samples and untreated 10E4 samples showed strong intensity. In both samples, HSPG protein was more abundant in the dorsal lung mesenchyme (Fig. 5a-d) , which may cause reduced FGF10 diffusion in the dorsal lung. To rule out the effect of cell density on HSPG immunohistochemistry, we undertook Western blot analysis. The HSPG concentration was higher in the dorsal part (Fig. 5e) , which confirms the immunohistochemical observation. To estimate the order of concentration difference, we made a dilution line of dorsal samples and compared the signal intensity with ventral samples. We estimated that the concentration of HSPG is about 4-8 times higher in the dorsal lung than the ventral lung.
We also examined the binding of fluorescently-labeled FGF10 on histological sections ( Fig. 5f and g ). A solution of fluorescently-labeled FGF10 was applied to the histological sections and incubated for 30 min at room temperature. Then the sections were washed with PBS and observed by fluorescence microscope. We observed stronger fluorescence in the dorsal lung, indicating FGF10 binds more strongly to dorsal mesenchymal tissue (Fig. 5f ). We could not detect autofluorescence in the control sections (Fig. 5g ).
2.6.
Modification of the extracellular matrix environment can change the branch pattern in chick lung
To determine whether the extracellular matrix actually determines the cyst-branch difference, we experimentally changed the ECM environment and observed the resulting pattern. When the dorsal part of the chick lung was isolated and cultured (Fig. 6a) , the epithelium formed a branched structure (Fig. 6c) . When the dorsal part was treated with type I collagenase, the protein core of the HSPG molecule was decreased ( Fig. 6d) and a cyst-like structure was formed (Fig. 6c-g ). We also tried a more specific heparitinase treatment, but could not detect a statistically significant difference (data not shown).
We confirmed that the ventral epithelium retains the ability to form a branched structure. When we isolated day 7 ventral epithelium and embedded it in Matrigel (Fig. 6h) , the epithelia generated a branched structure similar to that in dorsal lung (Fig. 6i and j) . These results indicate that the cyst-branch difference can be modulated by changing the ECM environment.
2.7.
Mathematical analysis and order estimation indicated that two mechanisms act to generate different structures
In the previous sections, we considered two scenarios for the regulation of FGF10 diffusion: histological structure and entrapment by HSPG. In the first scenario, the diffusion coefficient differs between dorsal and ventral lung mesenchymal tissue because of the geometry of the area through where FGF can diffuse in a biological tissue. We refer to this scenario as the porous media model because this situation is similar to mass transfer in porous media (Nicholson and Sykova, 1998) . In the second scenario, HSPG is present in lung mesenchymal tissue and a certain percentage of FGF is immobilized. We call this scenario the HSPG trap model.
From modeling of the experimental situation with these two scenarios, it is probable that both mechanisms function in this system. Numerical simulations of these models showed that the HSPG trap model can reproduce a high concentration region in the close vicinity of the FGF source (Fig. 3c) , while the concentration cannot become higher than the original in the porous media model. This result indicates that at least the HSPG trap should operate in this system. In addition, dimensional analysis predicts that the diffusion coefficient should be around 60 times larger in the ventral part, whereas mathematical analysis shows that the ratio of the diffusion coefficient is at best equal to the HSPG concentration ratio (see Appendix). The HSPG concentration is around 4-8 times higher in the dorsal lung (Fig. 5e) . Therefore, the HSPG trap model alone cannot generate enough difference in diffusion to generate the observed pattern. These Ventral lung mesenchyme has a low cell density, and much looser histological structure. We could not observe extracellular matrix components within the intercellular space. (e) Measurement of volume fraction using histological sections. Histological section was converted to grayscale image (Raw). Cell and extracellular areas were segregated by thresholding, and the cell area was highlighted in red (Thresholded). The extracellular area relative to the total area was calculated as a volume fraction. A statistically significant difference was detected between volume fraction (percentage of extracellular/cell space) of the dorsal and ventral lung mesenchyme.
results suggest that both mechanisms function to generate the observed pattern difference in vivo.
Discussion
The present study has shown that the pattern difference between dorsal and ventral chick lung is due to the difference in the diffusion coefficient of FGF10 between these two regions, and that the diffusion is modulated by both tissue architecture and HSPG concentration. The working hypotheses of the mechanism causing the cyst-branch difference came from mathematical modeling of in vitro branching morphogenesis, and the mechanism of diffusion modulation was also determined by utilizing mathematical modeling of diffusion processes. These results illustrate the contribution that mathematical modeling can make to elucidate the mechanism of pattern formation. HSPG is expressed more strongly in the dorsal lung. Two strong bands were observed around 40 and 80 kDa, which correspond to the monomer and dimer of syndecan according to the manufacturer's data. To estimate the difference in the HSPG concentration, the dilution line of dorsal samples was compared with that of ventral sample. We estimated that the HSPG concentration in the dorsal lung is 4-8 times larger than that in the ventral lung. (f) Absorption of FGF to chick lung tissue. FGF10 is retained in the dorsal lung mesenchyme. (g) Negative control.
The present study shows that the modulation of morphogen diffusion by the extracellular matrix can play an important role in pattern formation during development. HSPG's distribution in mouse lung has been studied previously in relation to its function as a co-factor for FGF-FGF receptor binding. However, a recent study (Haecker et al., 2005) suggests that it also acts to modify diffusion. The present study suggests the importance of HSPG as a modulator of the rate of diffusion of morphogen. Previous studies of HSPG and lung development can be interpreted differently in this regard -for example, studied the distribution of FGF10 protein and HSPG in lung and showed that addition of over-O-sulfated heparin, which should bind to FGF10, induces disruption of branching. Actually, the lung shows a cystic appearance and regulation of diffusion may be involved in this process. Our experimental data cannot rule out the involvement of ECM components other than HSPG because collagenase degrades other ECM molecules and Matrigel contains various ECM components.
We also showed that the cytoarchitecture is another very important factor affecting the diffusion of morphogen molecules. To our knowledge, the effect of cytoarchitecture on morphogen diffusion has not been studied extensively. The effect of histological structure on EGF diffusion dynamics was examined in detail by Nicholson and Sykova (1998) . Using fluorescently-labeled molecules, they directly assayed whether the molecules can diffuse in the brain, which consists of tightly-packed neural cells. Theoretically, the diffusion of molecules in a certain geometry is not mathematically well understood and we need to undertake numerical simulations to estimate effective diffusion coefficients in various histological structures. We are now trying to obtain a three-dimensional histological structure of lung tissue using histological serial sections and a confocal microscope. Experimentally, we can estimate the effect of cytoarchitecture by comparing the macroscale diffusion process shown in Fig. 3 and the microscale diffusion process in a small region of extracellular space, which should not be influenced by tissue structure. Microscale diffusion may be measured using fluorescently-labeled FGF and the fluorescence recovery after photobleaching (FRAP) method. We are now trying to establish a slice culture system to undertake this experiment.
There may be other factors that affect morphogen diffusion. One example is the FGF receptor, but as we could detect FGFR2 mainly in the epithelium of chick lung (data not shown), it could not be the major factor determining the cyst-branch difference since mesenchymal tissue seems to determine the difference (Sakiyama et al., 2000) . The involvement of ECM molecules other than HSPG is also possible since collagenase I treatment should degrade a wide spectrum of extracellular matrices.
The present study shows that even a rough estimate of a parameter is very useful in elucidating the mechanism of pattern formation. Traditionally, mathematical modeling starts by nondimensionalizing all the parameters and limits any discussion to qualitative characteristics (Murray, 2003) . The results obtained by the mathematical analysis stand independent of actual values, so theoreticians are not usually interested in obtaining actual measurements. However, in the present study we could decide whether one of the theoretically predicted mechanisms is actually functioning by a very crude estimation of parameter values. Various method have been developed to measure the diffusion coefficient of a molecule in other academic fields, so the application of these techniques should shed light on the mechanism of pattern formation in developmental biology.
A combination of modeling and experimental studies will aid in understanding the functional and evolutional aspects of the avian lung's structure. Avian parabronchi are connected to air sacs and form a circuit, not dead ends as in mammalian lungs (Gill, 2007; Maina, 2006) . Air always flows unidirectionally in the avian lung, which contributes to a more effective gas exchange. Such connections between branched tips are difficult to implement from a modeling point of view, so elucidating the mechanism behind this phenomenon is an interesting future direction of research. In addition, the mechanism by which cysts form during development of the swimbladder in fishes may be elucidated using a similar methodology. From an evolutional point of view, swimbladders and air sacs are not homologous (Torday and Rehan (2004) and Prof. Richard O. Prum, Yale University, personal communication), although they are structurally very similar. It will be intriguing to examine whether the mechanism by which the swimbladder generates a cystic structure instead of branching is the same as that of the avian air sac.
The current findings provide clues as to how the Hoxb cluster of transcription factors regulate cyst-branch morphology. Sakiyama et al. (2000) showed that Hoxb mediates the dorsal-ventral difference in the chick lung, but how the transcriptional control results in a different morphology has not been elucidated. Our results suggest that Hoxb transcription factors regulate HSPG expression or cell proliferation, but we could not correlate our findings with previous information on these transcription factors (Fischbach et al., 2005; Rubin et al., 2007; Knoepfler et al., 2001; Greer and Capecchi, 2002) . Direct experimental verification is necessary to determine whether Hoxb transcription factors can regulate HSPG expression or cell proliferation in chick lung mesenchyme cells.
4.
Experimental procedures
Preparation of chick lung samples
Fertile White Leghorn chicken eggs were obtained from a local supplier (Yamagishi-kai). The eggs were incubated at 38°C in a humidified chamber. Embryos were staged according to the incubation time. We used day 5 (HH stage 27) -day 9 (HH stage 35) lung for this study.
4.2.
Morphometry of chick lung bud size
Day 9 chick embryos were collected (n = 14) and digital images of the lung was taken using Leica binocular microscope (MZ12) and Nikon digital camera (Coolpix 9500). We chose the center points of the tip of two neighboring branches manually and measured the distance using ImageJ software (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997 -2008 . We have previously carried out a similar analysis using the result of reaction-diffusion model and obtained good result .
4.3.
Chick lung organ culture
Chick embryos were harvested after 7 days of incubation. The part of their lung tissue was isolated using fine forceps and tungsten needles. For the dorsal lung cultures, isolated lung tissues were placed on a cell culture insert (NUNC), supplemented with DMEM/F-12 with 10% FBS and cultured for 48 h. For the ventral lung epithelium cultures, the isolated explants were embedded in 50 ll of Matrigel drop. After the Matrigel drop had solidified, 2 ml of DMEM/F-12 medium containing 250 ng/ml FGF1 and 0.1% BSA was added and the explants were cultured for 48 h.
Preparation of fluorescently-labeled FGF10
Recombinant human FGF10 was purchased from Peprotech Inc. (New Jersey) and labeled with an Alexa Fluor-488 microscale labeling kit (Molecular probes) according to the manufacturer's instructions. The labeled protein was isolated from unbound dye by using microdialysis or electrophoresis.
Immunohistochemistry
Specimens were fixed overnight with 4% paraformaldehyde. Then they were embedded in paraffin and sectioned with a microtome. Sections were deparaffinised, blocked with 1.5% normal goat/rabbit serum for 1 h, and incubated in a 1/100-1/ 1000 dilution of primary antibody overnight. The samples were washed three times with PBS and incubated with the biotinconjugated secondary antibody. Then they were washed three times, and the protein distribution was visualized using an Elite ABC kit (Vectastain) with Can Get Signal (Nacalai tesque Inc.) or Alexa Fluor-488-labeled avidin. The antibodies used were rabbit anti-FGF10 (Santa Cruz Biotechnology Inc.) and mouse anti-HSPG (3G10, 10E4) (Seikagaku Kogyo Inc.).
4.6.
Western blotting Dorsal and ventral lung tissues were dissected and homogenized in sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 6% bmercaptoethanol, 10% glycerol and 0.01% BPB). For HSPG samples, ECM proteins were extracted and treated with heparitinase according to Burbach et al. (2003) . After the sample concentration was measured by the Bradford assay, samples were boiled at 70°C for 15 min and electrophoresed in a 15% polyacrylamide gel. Then they were transferred to a PVDF membrane (Nippon pole) and incubated in a 5% ECL blocking reagent (Amersham) for 1 h. The membrane was incubated in primary antibody at 4°C overnight. After being washed with TBST for 60 min, they were incubated in 10,000· diluted HRP-conjugated secondary antibody for 30 min. After another wash with TBST for 30 min, specific protein was visualized with ECL Plus reagent (Amersham).
RT-PCR
The one-step reverse transcription polymerase chain reaction (RT-PCR) was carried out according to the manufacturer's protocol (Toyobo Inc.). The primers used were: FGF10 forward:
Numerical simulation of the diffusion equation
All the numerical simulations were implemented using Mathematica 5.2.2 (Macintosh edition). Simulations were done one-dimensionally, using the explicit Euler scheme with zero flux boundary conditions. The Mathematica source codes of the simulations are supplied as Supplementary data. and the other is HSPG concentration. In the following section, we try to quantitate the order of the effect using the experimental data.
First, we estimated the order of diffusion coefficient change by comparing the size of the structures. In general when the diffusion coefficient becomes 100 times larger, the generated gradient should becomes 10 times larger. This is because the dimension of diffusion coefficient is m 2 /s and the gradient size is proportional to the square root of the diffusion coefficient (for an intuitive explanation, see Vogel, 1988) . When k a or h(x) is large, D U becomes small according to Eq. (5). This means that when FGF binds to HSPG strongly or the amount of HSPG is large, the effective diffusion coefficient of FGF decreases. In general, the effect of ECM is maximum when k d ( k a . Under such a situation, k d of the denominator of the Eq. (5) can be neglected and we can estimate
D d and D v are the FGF diffusion coefficient in dorsal and ventral lung, and h d and h v are the HSPG concentration in dorsal and ventral lung. This means that if the HSPG concentration in the ventral part is five times lower than that in the dorsal part, the FGF diffusion coefficient in the ventral part is at best five times larger when FGF binds to HSPG strongly.
The situation is not so simple when we try to estimate the change in the diffusion coefficient by volume fraction because it strongly depends on the geometry of the extracellular space. One intuitive guess is that the diffusion coefficient is roughly proportional to the volume fraction because if we consider the flux of a molecule between two small regions, the effective area of interface between these regions is reduced by a factor of its volume fraction (Fig. 8a) . However, this argument is not correct because the effective volume of these regions also decreases. If we align the obstacle to one side of the area, the above argument still stands but the diffusion coefficient in the horizontal direction is not changed by the obstacle (Fig. 8b) . Moreover, if the obstacle is aligned as in Fig. 8c , vertical diffusion is blocked and the diffusion coefficient should be 0. Therefore, although the volume fraction is one factor influencing the diffusion coefficient, we cannot estimate the change in the diffusion coefficient without geometrical information. We are now trying to visualize the volumetric structure of chick lung using serial histological sections and a confocal microscope. 
